Twenty-four virgin sister queens were kept for 21 days in mating nuclei on the drone-free island Baltrum to test the reliability of a potential mating area. On each of the neighbouring islands Nordemey and Langeoog (750 m and 2 km away) 12 sister queens were kept with drones. Workers from colonies with island-mated queens (Baltrum n = 11, Langeoog n = 7 and Nordemey n = 6) were genotyped with four DNA microsatellite loci (n = 996) to estimate queen mating frequency. No differences in queen mating frequency were observed between Langeoog and Nordemey. However, the level of polyandry on Baltrum was significantly lower than on the neighbouring islands, indicating that mating conditions were much more difficult. The standard genetic distance and differences in allele frequencies between the populations were determined to estimate putative origins of the drones. In this study, 43.7 % of the identified drone fathers did not descend from any of the queens on the adjacent islands. They were most likely from mainland colonies at least 5.4 km (3 km across open water) away, showing that the combination of distances over open water and over dry land is important in explaining the mating behaviour of honeybee queens. &copy; Inra/DIB/AGIB/Elsevier, Paris
INTRODUCTION
Islands are routinely used as mating apiaries to achieve controlled matings of virgin queens [34] . The large areas of open water around islands have a negative impact on the orientation of honeybee workers during their flights [15] . Thus, islands have been claimed to be ideal places because queens and drones are not expected to cross open water during their mating flights. However, bee breeders have repeatedly reported uncontrolled matings even on these safe island mating areas. Recent studies of queen honeybee mating behaviour on drone-free islands strongly support these observations because they reveal that queens returned from their nuptial flights with a mating sign even during high tide [33] . So far, the reliability of mating apiaries has been tested using virgin queens without drone colonies [5, 10, 17-19, 21, 27, 31] , displacement experiments of drones [5, 11, 20] and marker phenotypes such as different races [2, 28] or mutants such as cordovan [29] . Whereas some islands seem to provide controlled matings (e.g. [5, 20] ) others apparently do not ( [29] among others). A key factor is the distance between island and mainland. Successful mating flights of virgin queens of more than 10 km across open water have never been reported [10, 21, 30, 31] . Virgin queens were able to cross at least 1 km or less across open water [ 19, 29] . There are also reports on matings [7] [8] km across open water [17, 18] .
Other authors [5, 20] Thus, it seems as if distinct local characteristics of an island mating apiary are also important.
In addition to the problems resulting from unusual test conditions [29] also the cordovan test may suffer from the pitfall of the marker phenotypes interfering with honeybee behaviour as shown for workers [13] .
The recent advance in honeybee DNA microsatellite technology [8, 9] allows for a genetical control of the reliability of mating apiaries without interfering with honeybee behaviour and routine bee breeding practice. DNA microsatellites can be used to precisely assess the number of patrilines in a honeybee colony [9] . DNA tests can be easily incorporated in the routine procedure at mating apiaries. The genotypes of the mother queen and her drone mates can be derived from worker offspring and only worker samples are needed to evaluate the number of matings of the queen. The number of queens which have mismated and the number of times these queens mated with unselected drones can be precisely determined.
In this project we tested the reliability of a potential new mating apiary on the island of Baltrum (Germany) using virgin queens and DNA microsatellites.
MATERIALS AND METHODS

Experimental design
Virgin sister queens (n = 48) were reared in summer 1995. Twenty-four of them were kept in mating nuclei on the island of Baltrum which is free of other honeybee colonies. No foraging workers could be observed before the experiments and no drones could be attracted using a lure [14] during normal drone flight activity [25] . The distances from the Baltrum apiary towards the next available drone-producing colonies on the neighbouring islands Norderney and Langeoog and on the mainland (figure 1) are given in table I. On the neighbouring island mating apiaries Langeoog and Norderney 12 queens each were kept in the vicinity of 15 (Norderney) or 10 (Langeoog) drone-producing sister-queen colonies (figure 1). No other bee apiaries are known on these islands. All virgin queens were allowed to mate freely during a period of 21 days. Each queen was able to absolve mating flights at the age of 7 days onwards. The queens of the drone colonies on Norderney were daughters of a single mother queen instrumentally inseminated using mixed semen [22] of drones from three sister-queen colonies. This results in a maximum number of seven alleles per locus in the worker offspring on this island. On Langeoog a maximum number of 12 alleles per locus was possible. Sealed worker brood samples (n = 50 per queen) were taken from colonies with mated queens and raised isolated in an incubator.
Recently emerged workers were immediately stored in 96 % ethanol at -15 °C until DNA extraction.
DNA isolation
and microsatellite analysis DNA was phenol extracted from single workers (n = 40 per colony) following routine protocols [1] with the following changes: 1) workers were incubated with agitation in insect Ringer solution (127 mM NaCl, 1.5 mM CaCl 2 , 5 mM KCl, pH 7.4 with NaOH) for 1 h at RT before extraction;
2) single worker thoraces were homogenised in 400 &mu;L of DNA extraction buffer (100 mM NaCl, 100 mM Tris-HCl (pH 8.0), 10 mM NaCl, 0.1 % SDS);
3) DNA was resuspended in 30 &mu;L DDH 2 O.
We used four DNA microsatellites which were developed by Estoup et al. [8, 9] . Multiplex PCR was performed using two pairs of loci (A43/B 124, A76/A 107) and the standard protocols given in Estoup et al. [8, 9] . Amplification products were electrophoresed on 6 % polyacrylamide sequencing gels for 5.5 h (A76/A107) or 5 h (A43/B 124) with M13mp18 control DNA sequencing reactions run on the same gel as size standards. Microsatellite alleles were scored as fragment lengths in base pairs.
Genotype analysis and number of matings
The genotypes of the mother queens and the father drones were derived from the genotypes of the sampled workers. The queen was assumed to be homozygous when an allele was present in every worker of the colony. The queen was considered to be heterozygous when every worker carried one of two alleles. The paternal alleles were those not carried by the queen. We used the putative genotype of the mother queen to exclude additional allele combinations. If multiple queen genotypes were possible at a given locus we chose, as a rule, the allele combination yielding the lowest number of observed matings (n 0 ). In case a drone's genotype could not be unambiguously determined owing to heterozygosity of the queen at that locus, we assumed an equal possibility for yielding one or the other queen allele for calculating the allele frequencies of the drone populations. As a result of finite sample sizes the number of observed patrilines may severely underestimate the actual number of subfamilies. Therefore, we estimated the number of patrilines in an infinite sample following Comuet and Aries [4] :
where E(k) is the expected number of patrilines in the colony, k is the number of equally frequent patrilines and n is the sample size.
We followed Oldroyd et al. [26] and numerically evaluated k by substituting E(k) with our observed number of matings (no) and the worker sample sizes for n.
Number of effective males (m e )
The average intracolonial relatedness G was estimated according to Estoup et al. [9] . Then, the number of effective males (m e ) was calculated following Chevalet and Cornuet [3] :
where m e is the number of effective males and G is the average intracolonial relatedness.
Genetic distance
We used the standard genetic distance of [23] : with where J 1 is the probability that two randomly chosen genes in population 1 are identical, J 2 is the same for population 2, and J 12 is the proba-bility that two genes, one drawn randomly from population 1 and the other from population 2, are identical. This set was calculated for each of the four loci. Then, the average for all loci was calculated in each of the three cases: (J 1 , J 2 , J 12 ). 2 Since the high number of alleles at the used microsatellite loci may cause significant differences only by chance, we used an improved Bonferroni procedure [16, 32] to adjust the significance levels. We also used this procedure to combine the dependent test results because the test statistic cannot be split up into independent test statistics [16, 32] . For n test statistics, q 1 , q 2 , ..., q n and for Q i as a continuously distributed statistic for testing the null hypothesis H 0,i versus the alternative hypothesis H 1,i (i = 1, ....., n) the overall hypothesis H s is rejected if for at least one i: where p(i) are the ordered p-values for &chi; 2 -tests, &alpha;(i) is the significance level for the subhypothesis H i .
For each H i &alpha; (i) was calculated as follows:
with &alpha; = 0.05.
Putative origin of Baltrum worker bees' fathers
The genotypes of all drones which mated with the tested Baltrum queens were compared with the genotypes of the drones which mated with the queens from Langeoog and Norderney. Baltrum drones showing allele combinations that did not correspond with the drone genotypes of one island were excluded from that potential source. Baltrum drone fathers which might potentially originate from the neighbouring island mating apiaries Langeoog or Norderney were determined and the differences in allele frequencies towards the drones which mated with the Langeoog and Norderney queens were evaluated using the Bonferroni procedure.
Comparisons of queen mating frequencies
We computed Mann-Whitney U-tests to estimate potential differences for the number of observed and estimated queen matings and for the effective number of males between the three islands. To determine the probability of identical drone genotypes we estimated for each apiary the product of the highest allele frequency for each locus.
RESULTS
A total number of 996 workers was genotyped and assigned to patrilines (table II) . Seventy-one patrilines were observed on Baltrum (table II) . The ranges and the mean numbers (x ± SE.) of the observed and estimated queen matings and of the effective number of males for all three islands are given in table III. We found a mean number of 6.45 ± 1.27 observed queen matings on Baltrum. For Langeoog we found a mean of 12.5 ± 1.23 observed paternities. The mean number of observed matings was 12.8 ± 2.27 on Nordemey. For two colonies (L 1 and N5) the estimated numbers of matings were substantially higher than the observed number of patrilines, which can be attributed to low sample sizes. Therefore, these colonies were excluded from the comparisons of queen mating frequencies. For the other colonies the number of estimated matings was slightly higher than the observed number of patrilines, showing that sample sizes were sufficiently large. We found significant differences for the number of observed and estimated queen matings and for the number of effective males between Baltrum and the neighbouring islands (Mann Whitney U-test: Baltrum/Langeoog P < 0.01; Baltrum/Norderney P < 0.05). However, we failed to detect significant differences between Langeoog and Norderney (Mann Whitney U-test: P > 0.05). The allele frequencies for all tested microsatellite loci are given in Thus, we could exclude 43.7 % of the Baltrum drones from any of the drone colonies on the adjacent islands. They most likely came from mainland colonies which were at least 5.4 km away. We found that 50.7 % of the drones could have originated from the neighbouring island mating apiary Langeoog since they had genotypes in common with the corresponding drones. However, these drones potentially originating from Langeoog, showed significant differences in the allele frequencies of the drones which mated with the queens on Langeoog (table   V) . Four drones (5.6 %) which had mated with the Baltrum queens showed alleles common to both neighbouring mating apiaries and could not be excluded from any source.
The standard genetic distances between the tested populations are shown in table VI. High distances were observed between the drones mated with the queens from Norderney and the Baltrum patrilines and between the drones from Norderney and Langeoog whose drone mothers originated from unrelated breeding lines. This also shows that matings of the Baltrum queens with Norderney drones were most unlikely. An intermediate distance was observed between the drones from Baltrum and Langeoog. As expected, low distances were found between the tested sister queens.
DISCUSSION
Our results clearly show that successful mating flights took place on the drone-free island of Baltrum although the next available source of sexually mature drones was at least 5.4 km away.
The Baltrum queens showed a significantly smaller number of matings compared to the queens which were mated on the neighbouring island mating apiaries. Potential differences in honeybee queen mating frequency which may be attributed to different types of mating apiaries [24] or to genetic variability among honeybee races (Neumann, unpublished data) can be excluded. Thus, the number of queen matings on Baltrum certainly depended upon the drone-free conditions, showing that mating conditions were much more difficult than under normal beekeeping practice.
The majority of the tested Baltrum queens (81.8 %) mated with males which most likely did not originate from the neighbouring island mating apiaries Langeoog and Norderney. These drones probably derived from colonies on the mainland more than 3 km away. This is the second largest distance ever reported for successful honeybee mating flights across open water after those of Klatt [17, 18] . However, Evenius [12] doubted the drone-free conditions on the peninsula Frisches Haff during that time. In our experiment these drones could also potentially originate from undetected swarms on Baltrum. However, no drones could be attracted using a lure during normal drone flight activity [7] . Although we cannot definitely rule out that drones remained undetected in the lure experiments we consider it unlikely that the Baltrum queens have mated with drones from that island. It seems more likely that the queens fly to the mainland for mating. One could argue that the queens might have crossed the distance to the next available drone source while the mud flats around Baltrum fall dry at low tide. In light of the observations of Van Praagh et al. [33] this does not seem to play a role because queens returned from their nuptial flight with a mating sign even when the tide was high at Baltrum.
The allele combinations of the drones which mated with the Baltrum queens enabled us to exclude 43.7 % of them from any of the used queens. Nine of eleven mated Baltrum queens certainly interacted with other drone sources probably from the mainland. An interaction with Nordemey is unlikely because we could exclude the majority of the Baltrum patrilines from that origin (94.4 %). Furthermore, the potential 'Norderney' drones which mated with the Baltrum queens showed alleles (either 127 bp for locus A43 or 291 bp for locus A76) which were very rare in the patrilines on Norderney. In the case of the potential Norderney drones, interactions with at least two different drone sources (Norderney and mainland or Norderney, Langeoog and mainland) must have occurred. Given that queens were searching for drones this seems to be most unlikely. It cannot be ruled out that 50.7 % of the drones might originate from Langeoog which is 1.7 km over open water away. Two queens showed only potential Langeoog progeny in their worker offspring. However, we found significantly different allele frequencies between these potential 'Langeoog' drones and the drones which mated with the Langeoog queens. We therefore reject the hypothesis that the drones originated from the same gene pool. Following our argumentation given for Norderney we consider it improbable that the queens had visited two possible drone sources during their mating flights. The standard genetic distances also indicate that matings with drones from the neighbouring island Norderney were unlikely. [33] , local wind directions, the southwest position of the sun during queen mating flight time in the afternoon and potentially more attractive visual cues provided by the mainland may also be important.
Our results show that queens most likely have the potential to successfully mate with mainland drones. Clearly, we cannot give a final judgement of the reliability of Baltrum as an established mating apiary. A reliability testing is only possible under normal beekeeping conditions with a sufficient number of drone colonies [6, 28] . We consider it unlikely that queens would mismate if an adequate number of drones is available on Baltrum. Nevertheless, absolutely controlled matings such as with instrumental insemination cannot be guaranteed on the potential mating area Baltrum with the current state of evidence. We recommend a critical testing of island mating stations less than 8 km apart from the mainland [17, 18] .
plées. On a recherché entre les populations des différences éventuelles dans les fréquences alléliques à l'aide du test Chi 2 (tableau IV) et de la méthode Bonferroni (tableau V) et calculé les distances génétiques selon Nei (tableau VI). Les fréquences d'accouplement sur Baltrum (n = 71 accouplements) sont significativement plus faibles que sur les stations des îles voisines (tableaux II et III, test U de Mann-Whitney : Baltrum/Langeoogp > 0,01 ; Baltrum/Norderney p < 0,05). On n'a pas trouvé de différence dans la fréquence d'accouplement entre les îles Langeoog et Norderney, ce qui laisse penser que les conditions d'accouplement sur l'île de Baltrum sont plus difficiles. Les mâles qui s'étaient accouplés avec les reines de Baltrum présentaient des combinaisons d'allèles qui ne correspondaient pas aux génotypes des mâles des îles voisines. 43,7 % des mâles identifiés ne provenaient pas des colonies de mâles des îles voisines. Ils venaient selon toute vraisemblance du continent; ils avaient donc survolé la mer sur une distance d'au moins 5,4 km (tableau I). On ne peut pas exclure que 50,7 % des mâles provenaient de Langeoog. Ces mâles présentaient néanmoins des fréquences alléliques significativement différentes de celles des mâles qui s'étaient accouplés avec les reines de Langeoog (tableau V). Quatre mâles avaient des allèles présents dans les deux stations de fécondation et aucune origine ne pouvait être exclue pour eux. Les populations de mâles de Langeoog et de Norderney et les lignées paternelles de Baltrum ont présenté des fréquences alléliques significativement différentes (tableau V). Cela signifie que les accouplements entre les mâles de Langeoog ou de Norderney et les reines de Baltrum sont improbables. On a trouvé une distance génétique élevée entre les mâles de Norderney et de Baltrum (tableau VI), ce qui montre aussi que les accouplements avec des mâles de Norderney sont très improbables, bien que la distance à parcourir audessus de la mer soit plus faible. Ces résultats montrent qu'il est important pour le comportement d'accouplement des reines de Baltrum de combiner les distances à parcourir au-dessus de la mer et au-dessus de la
